Mutations in the C1 inhibitor gene that result in low functional levels of C1 inhibitor protein cause hereditary angioneurotic edema. This disease is characterized by episodic edema leading to-considerable morbidity and death. Among 60 unreported kindred with the disease, four patients were discovered to have mutations clustered within a 12-bp segment of exon 5 from nucleotide 8449 to nudeotide 8460. This short segment of DNA contains three direct repeats of the triplet CAA and is immediately preceded by a similar adenosine-rich sequence (CAAGAACAC). These triplet repeats make this region susceptible to mutation by a slipped mispairing mechanism. There are two other short triplet repeat elements in the coding region for this gene, but they have not become mutated in any kindred ex ined. This suggests that the apparent enhanced mutation rate in this region of exon 5 may be influenced by DNA structural characteristics. Sequencing. The exon five region of the C1 inhibitor gene was amplified by PCR. The primer pair used in amplification consisted of a 5' primer corresponding to the adjacent sequence of the fourth intron (TTGGATCCGACTCAT-GCCTCCCTTTCTCAACATACCCC) and a complementary primer from the adjacent fifth intron (TTGGATCCATGG-GAAGACTAACTGGCTAAGGGCACCCT). These primers allowed examination of the intron-exon junctions. PCR was carried out with 0.5 gg of genomic DNA, 25 
conformations (7) . These alternate secondary structures, such as cruciform structures, are an interruption in the interstrand base pairing by a region of intrastrand base pairing and present an obstacle to high-fidelity replication. This process is referred to as DNA-directed mutagenesis. Within exon eight in the C1 inhibitor gene, there is a cluster of mutations (8) surrounding a sequence with the potential to form a cruciform structure. These mutations may be a direct result ofdifficult passage ofthe DNA polymerase through the region during DNA replication. In this paper, we report a second cluster of mutations in exon 5 ofthe C1 inhibitor gene. These mutations appear to be due to slipped mispairing within a short triplet repeat. This region is unique in its replication infidelity because two other comparable triplet repeats in exons of the C1 inhibitor gene are devoid of mutation in 60 kindred. Hereditary angioneurotic edema is characterized by episodic nonpitting edema of the skin and mucous membranes. Considerable morbidity and mortality result from this edema when it leads to a functional bowel obstruction from intestinal edema or asphyxia from tracheobronchial tree involvement (1) . The disease is transmitted as an autosomal-dominant trait; patients express only a single normal allele at the C1 inhibitor locus. The mutant allele may encode a dysfunctional protein or may not be expressed.
There are two well-recognized mechanisms for the mutations within the C1 inhibitor gene. Large deletions and duplications have been attributed to unequal crossing-over between the numerous intronic Alu repetitive elements (2) . These repetitive elements (3) are densely represented in introns 3, 4, 6, and 7. A second mechanism frequently involves the inhibitor's reactive center codon (CGC) (4) . Spontaneous deamination of the methylated cytosine in the CpG dinucleotide results in a transition to thymine. In addition, the CpG dinucleotide appears to lead to other single-base mutations that are not restricted to mutations predicted by methylation and deamination. These point mutations may result from non-Watson-Crick base pairing, such as cis instead of trans base rotation with respect to the sugar moiety, keto-enol or amino-imino base tautomerization, and protonization or ionization (5) .
A third mechanism for mutagenesis in the C1 inhibitor gene recently has been proposed (6) . DNA polymerase chain elongation rate and fidelity are affected by primary nucleotide sequence and secondary structure. Although the canonical right-handed double helix is the predominant form of DNA in the eukaryotic nucleus, under physiological conditions nonrandom regions of DNA can adopt a number of alternate METHODS Patients. Deoxyribonucleic acid from patients with hereditary angioneurotic edema was isolated from peripheral blood leukocytes by a previously reported method (9) .
Sequencing. The exon five region of the C1 inhibitor gene was amplified by PCR. The primer pair used in amplification consisted of a 5' primer corresponding to the adjacent sequence of the fourth intron (TTGGATCCGACTCAT-GCCTCCCTTTCTCAACATACCCC) and a complementary primer from the adjacent fifth intron (TTGGATCCATGG-GAAGACTAACTGGCTAAGGGCACCCT). These primers allowed examination of the intron-exon junctions. PCR was carried out with 0.5 gg of genomic DNA, 25 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Two different deletions were observed in the other patients ( Fig. 1 B and C) . One copy of the repeated CAA triplet was deleted in patient Le (Fig. 1C) . This results in the deletion of one of the two Asn residues at positions 249 and 250. In patient Cr the second and third nucleotides of the codon for Lys-251 and the first nucleotide of the codon for Ile-252 have been deleted (Fig. 1B) . This results in the deletion ofLys-251, and thus is identical, at the amino acid level, to the previously reported C1 inhibitor Ta, which has a deletion of the codon for Lys-251 (AAG) (10). (1994) alterations in protein folding resulting in decreased stability and altered clearance kinetics. This instability could result in enhanced degradation or in a molecule that is retained intracellularly. One mechanism that traps a serine protease inhibitor like C1 inhibitor intracellulary is the loop-sheet polymerization of Z a1-antitrypsin (11) . A C1 inhibitor reactive-center loop mutant (Cl inhibitor Mo) undergoes a similar polymerization in plasma but is present at relatively normal levels (12) . Polymerization kinetics may dictate whether secretion can actually occur. A mechanism for these mutations can be postulated based on the nucleotide sequence characteristics. A factor that may predispose to the clustering of mutations in this region is the existence of the nine-nucleotide triplet repeat that extends from nucleotide 8449 through nucleotide 8457. C1 inhibitor has three examples of such triplet repeats within its exons. One such repeat is within the untranslated region of exon 8, 65 nucleotides 3' to the codon for the carboxyl-terminal alanine. There are no mutations identified at this site. The other two examples of triplet repeats both occur in exon 5. The first repeat, CAGCAGCAG, extends from nucleotide 8371 to nucleotide 8379. No mutations have been identified within or near this repeat in the 60 kindred thus far examined or among those reported in the literature. The second triplet is the CAACAACAA repeat involved in the mutations presented here. It is 69 bp downstream from the CAG repeat.
DISCUSSION
The mutations described here very likely have resulted from slipped mispairing (13) . This mechanism involves complementary base pairing between the temporarily melted template and copied strands. During reannealing, the two strands slip out of correct register and again anneal so that the replication fork can continue. Ifthe copied strand slips 5' and reanneals, a duplication results, or ifit slips 3' on the template strand, a deletion occurs (Fig. 2) . After the first round of replication, the mutation is in only one strand. These mutations can be made permanent by another round of replication or by DNA repair mechanisms. Because of the repetitive sequence in the affected region of the C1 inhibitor gene, the copied and template strands easily could come into slipped but complementary register, resulting in the mutations. However, the discrepancy in the mutation rates between the two sets of adjacent triplet repeats requires further explanation. It may simply be that enough mutants have not been examined and that the CAG direct triplet repeat may also exhibit an increased mutation rate. The mutation rate of the CAG repeat, however, may be lower because it contains more COG base pairing than the CAA repeat and, therefore, theoretically increases the energy required to melt the doublestranded DNA to generate the single-stranded DNA to allow for slipped mispairing to occur. While this concept makes sense, it could only be plausible if the increased C G density substantially increased the melting temperature. This does not seem to be the case. The melting temperatures for the 9-bp repeats differ by only 60C [240C for CAA vs. 30'C for CAG by tm = 2(A + T) + 4(G + T) method]. Furthermore, examples of triplet repeat expansion of CGG in fragile X disease (13) and CTG in myotonic dystrophy (14) , Kennedy disease (15) , and Huntington disease (16) likely involve slipped mispairing and are relatively C+G rich compared to the CAA repeat described here.
Another mechanism that may be at play in producing these mutations involves the interaction of the DNA polymerase and the DNA template secondary structure. The DNA polymerase holoenzyme, the polymerase and associated enzymes that allow the growth of the replication fork, may encounter a difficult passage through the region of sequence responsible for these mutations. Previous literature describes an increase in mutations adjacent to sequences that cause the polymerase to pause (17) . Perhaps this repeat is more mutagenic based purely on the primary nucleotide structure. Alternatively, these pause sites may be alternative DNA secondary structures. One such non-Watson-Crick base-paired structure that may be involved in these examples is a triple helix (18) . A triple helix consists of a segment of DNA that is roughly in a double helix conformation with an up-or downstream segment of single-stranded DNA from the same DNA molecule bound in the major groove. Clearly, such a curious structure has strict parameters governing its formation (19) . First, such alternative secondary structures form only to "absorb" the negative superhelical tension, or underwinding, of prokaryotic and eukaryotic DNA. This tension is increased during the replication process and requires helicases to adjust the superhelical tension and allow the replication fork to advance. These structures cannot form in random DNA but require oligopurine-oligopyrimidine tracts. Triple helices have been shown to form in eukaryotic DNA. Examination of the 3' sequence of exon 5 and the adjacent intron reveal oligopurine-oligopyrimidine tracts (8475-8722 and 8896-8950) that may fulfill the requirements for triple helix formation. While the polymerase pauses during replication of this triple repeat, perhaps to "untangle" this secondary structure (20) , the template and copied strands dissociate and come back into register over incorrect, but complementary, direct repeats. The CAG repeat may be outside a critical distance from the polymerase-DNA pause site and therefore may not participate in the mutagenesis exhibited by the CAA repeat. Further mutation identification together with basic mutagenesis investigation using in vitro model systems may more clearly define the mutational mechanisms that have affected the C1 inhibitor gene.
